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Area Science Park, Basovizza-Trieste, Italy; and {Italian Institute of Technology, SISSA Unit, Trieste, ItalyABSTRACT We used optical tweezers to analyze the effect of jasplakinolide and cyclodextrin on the force exerted by lamelli-
podia from developing growth cones (GCs) of isolated dorsal root ganglia (DRG) neurons. We found that 25 nM of jasplakinolide,
which is known to inhibit actin filament turnover, reduced both the maximal exerted force and maximal velocity during lamelli-
podia leading-edge protrusion. By using atomic force microscopy, we verified that cyclodextrin, which is known to remove
cholesterol from membranes, decreased the membrane stiffness of DRG neurons. Lamellipodia treated with 2.5 mM of cyclo-
dextrin exerted a larger force, and their leading edge could advance with a higher velocity. Neither jasplakinolide nor cyclodextrin
affected force or velocity during lamellipodia retraction. The amplitude and frequency of elementary jumps underlying force
generation were reduced by jasplakinolide but not by cyclodextrin. The action of both drugs at the used concentration was fully
reversible. These results support the notion that membrane stiffness provides a selective pressure that shapes force generation,
and confirm the pivotal role of actin turnover during protrusion.INTRODUCTIONNeurons are able to self-organize in complex networks with
a precise wiring of synaptic connections. They find the
appropriate path by means of protruding neurites, highly
motile structures that explore the environment in search of
chemical cues to guide the formation of correct synaptic
connections (1,2). Neuronal exploration is guided by growth
cones (GCs) located at the neurite tips (3,4). GCs are
composed of a 2- to 10-mm-diameter lamellipodium from
which thin filopodia with a submicron diameter emerge
(5). Filopodia tips can move at a velocity reaching
0.8–1 mm/s and their motility is at the basis of neuronal
network formation. The primary source of motility in
GCs is polymerization of actin filaments (6,7), which is con-
trolled by a large set of regulatory proteins (e.g., Arp2/3
and WASP (8)). The addition of actin polymers to actin
filaments in close contact with the membrane pushes the
cellular membrane forward, exerting a protrusive force
(9,10). A different dynamics characterizes GC retraction.
In this case, the actin network retracts, possibly because
of local catastrophe or depolymerization controlled by
severing proteins, such as cofilin (8).
The overall dynamics that regulates these processes is not
clear, and mathematical models linking molecular events to
force generation have been proposed (11). These models
predict Fv relationships, i.e., the relation between the force
F exerted by the actin filament network and the velocity v
of the lamellipodium leading edge (6,12–15). Fluctuation
of contacts between the tip of actin filaments and theSubmitted December 2, 2011, and accepted for publication April 17, 2012.
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0006-3495/12/06/2451/10 $2.00surrounding membrane is an essential feature of Brownian
ratchet models (6,12,13) that predict Fv relationships in
which v decreases with increasing values of F. In contrast,
in autocatalytic models (13,14), when an obstacle is encoun-
tered, the actin network gives rise to new branches. As
a result of these new branches, the Fv relationships are
almost flat, so the velocity v is constant even when F
increases. In all proposed models, force generation occurs
because of this growth of the actin filament network pushing
the lamellipodia membrane. This process must be affected
by the membrane stiffness, and in this study we investigate
its role in force generation.
Cyclodextrin is known to reduce the cholesterol concen-
tration in biological membranes (16), and exposure of GCs
to a millimolar amount of cyclodextrin is expected to reduce
the stiffness of the cellular membrane enveloping the actin
filament network. Cyclodextrins are often used to sequester
cholesterol molecules, which are essential components of
membranes and determine several mechanical properties
of the cellular membrane, such as its elasticity and perme-
ability (17–20). Cholesterol is an important constituent of
lipid rafts (specialized membrane microdomains that are
rich in cholesterol, sphingolipids, and saturated phospho-
lipids) (18,19). Lipid rafts often harbor membrane receptors,
such as epidermal growth factors and integrins (20).
Another important determinant of force generation is
the turnover of actin filaments. During this process, actin
monomers or small oligomers are added to the barbed end
of actin filaments (polymerization) and removed from the
other end (depolymerization) (21). Jasplakinolide (22)
stabilizes actin filaments by reducing their depolymeriza-
tion rate and hence slowing down actin turnover. Jasplakino-
lide and phalloidin decrease the rate constant for the
dissociation of actin subunits from filament ends, stabilizingdoi: 10.1016/j.bpj.2012.04.036
2452 Amin et al.actin filaments by preventing filament depolymerization.
Jasplakinolide moderately decreases the speed of migrating
keratocytes (23) as a result of actin monomer depletion
caused by inhibition of actin filament disassembly.
In this work, we analyzed the role of membrane stiffness
and actin turnover on force generation by using optical
tweezers (24–26) and studying the effects of jasplakinolide
and cyclodextrin. Using atomic force microscopy (AFM),
we then verified that cyclodextrin decreased the membrane
stiffness of dorsal root ganglia (DRG) neurons.MATERIALS AND METHODS
Details of the neuron preparation, optical tweezers setup, and computation
of the Fv relationship can be found elsewhere (24–26) and in the Supporting
Material.Measurement of elasticity modulus
The elasticity modulus E of the cellular membrane of DRG neurons was
measured by AFM. Tipless cantilevers with a 5-mm-diameter bead attached
to the edge were used as soft nanoindenters, which allowed local testing of
cells and tissue. E was derived from force-displacement curves obtained
with the AFM when the deflection of the AFM cantilever was monitored
as it approached the sample. We used the standard Hertz model (27), which
describes the indentation d of a silica bead with a specified radius (R) in
a soft sample and predicts that the force F produced is
F ¼ 4ER
1=2d3=2
ð3ð1 n2ÞÞ (1)
where n is the Poisson’s ratio (assumed to be 0.5 for cells) (28). We operated
the AFM so to have a maximal indentation value no larger than 500 nm. In
this range, the forces applied by the cantilever to the sample were always <
0.5 nN. We obtained AFM force spectroscopy measurements by choosing
similar positions on different cells, close to the cellular soma and in the
central domain of DGR GCs. E was obtained by a best linear fit of the
force-distance curve (method 1). The contact point between the tip and
the membrane was detected by the cantilever deflection according to the
noise defined in the off-contact part of the force-displacement curve.
When E has to be measured and the height of the specimen h is small, the
Hertz model is not adequate, because the Hertz model is appropriate only
when h is larger than d, which is not the case for thin GCs with a height
varying between 200 and 600 nm (25). Therefore, we measured E in GCs
either by considering only indentations of <50 nm (method 2) or by using
the corrected Hertz model for thin samples (29) (method 3):
F ¼

16E
9

R1=2d3=2

1þ 1:33cþ 1:283c2 þ 0:769c3
þ 0:0975c4; (2)
where c ¼ ﬃﬃﬃﬃﬃRdp =h and R is the bead radius. The first term outside the
brackets represents the standard Hertz model, and the terms inside the
bracket are the corrections needed to account for thin GCs.RESULTS
Neurons from DRG of P10-P12 Wistar rats were isolated,
and after 24–48 h of culture, coverslips containing DRGBiophysical Journal 102(11) 2451–2460neurons were positioned on the stage of an inverted micro-
scope (25) (see also Supporting Material). Silica beads with
a diameter of 1 mm were trapped with an infrared optical
tweezer (30) in front of GCs and we were able to measure
the force exerted by lamellipodia on these beads with subpi-
conewton sensitivity at 10 kHz resolution. After verifying
by visual inspection that GCs moved as previously
described (24,25), we added 25 ml of a stock solution of
1 mM of jasplakinolide to obtain a final concentration of
the drug of 25 nM. In other experiments, we added 100 ml
of a stock solution of 25 mM of cyclodextrin to obtain a final
concentration of the drug of 2.5 mM.
Untreated lamellipodia pushed the trapped beads (Fig. 1,
a–c) and exerted forces up to 10–20 pN (Fig. 1 d) as previ-
ously described. Lamellipodia of DRG treated with 25 nM
jasplakinolide (Fig. 1, i–k) were able to pull and push a trap-
ped bead, but with a lower force and velocity (see Fig. 2).
During their retraction, these lamellipodia could pull a trap-
ped bead with a force up to 15 pN (Fig. 1 l). Lamellipodia of
DRG neurons treated with 2.5 mM cyclodextrin (Fig. 1, e–h)
protruded with a higher velocity (Fig. 2 a) and exerted larger
forces (Fig. 2 b). At the mentioned concentrations, neither
jasplakinolide nor cyclodextrin affected the morphological
properties of the treated DRG neurons in a visible way.
For each DRG preparation, we typically obtained six
coverslips (two untreated controls, two treated with jaspla-
kinolide, and two treated with cyclodextrin). The addition
of R50 nM of jasplakinolide to the extracellular medium
bathing DRG neurons almost completely blocked the
motion of DRG GCs and the associated force generation.
However, a concentration of 25 nM jasplakinolide modified
both motion and force generation without blocking them
completely, and therefore we investigated in detail the effect
of 25 nM jasplakinolide. Prolonged exposure (i.e., for
>30 min) of cyclodextrin in a concentration varying from
1 to 5 mM increased the motility of DRG GCs similarly,
with higher concentrations evoking faster but not larger
effects. Therefore, we analyzed the effect of 2.5 mM cyclo-
dextrin after exposure for at least 30 min. Using the above-
described protocol, we collected data from >20 DRG
preparations. We then measured and compared the maximal
exerted force Fmax and maximal protruding velocity vmax
under control conditions (53 vertical and 28 lateral pushing
events) in the presence of the two drugs (48 and 61 pushing
events for jasplakinolide and cyclodextrin, respectively).
Vertical refers to the z axis (perpendicular to the coverslip)
and lateral refers to the (x,y) plane of the coverslip. Under
control conditions, for vertical push Fmax varied from 5 to
9 pN with an average value <Fmax> equal to 6.3 5 0.4
pN, and vmax varied from 25 to 80 nm/s with an average
value <vmax> equal to 44.3 5 5.0 nm/s (Fig. 2, a and b,
red histograms). In the presence of 25 nM jasplakinolide,
Fmax varied from 1 to 5.5 pN with an average value<Fmax>
equal to 2.95 0.4 pN, and vmax varied from 15 to 55 nm/s
with an average value <vmax> equal to 31.1 5 4.3 nm/s
FIGURE 1 Push and retraction by a lamellipo-
dium. (a) Low-resolution image of a bead trapped
in front of a lamellipodium emerging from the
soma of a DRG neuron in control conditions. (b
and c) High-resolution images during a push. At
t1 the bead is in the optical trap (b), and when the
lamellipodium grows, at t2, it pushes the bead (c).
The cross indicates the center of the optical trap.
(d) The three components Fx, Fy, and Fz of the
force exerted when the lamellipodium pushes the
bead. (e–h) As in a–d but in the presence of cyclo-
dextrin. (i–l) As in a–c but during retraction and in
the presence of jasplakinolide. (j) At t1 the bead is
in the optical trap. (k) At t2, when the lamellipo-
dium retracts, the bead is pulled away from trap.
(l) The lamellipodium retracts and displaces the
bead both laterally and vertically. In panels a–h
the trap stiffness is kx,y ¼ 0.015, kz ¼ 0.005, and
in panels i–l it is kx,y ¼ 0.07, kz ¼ 0.03.
Force Generation in Lamellipodia 2453(Fig. 2, a and b, black histograms). In the presence of
2.5 mM cyclodextrin, both Fmax and vmax were larger.
Fmax varied from 3.5 to 13.5 pN with an average value
<Fmax> equal to 6.8 5 0.5 pN, and vmax varied from 8 to
120 nm/s with an average value <vmax> equal 55.9 5
7.3 nm/s (Fig. 2, a and b, green histograms). The relation
between vmax and Fmax during vertical pushes in the three
cases are shown in Fig. 2 c.
When GCs were treated with cyclodextrin, lamellipodia
pushed the bead out of the optical trap in ~32% of the exper-
iments. i.e., ~3 times more often than in control conditions
(~9% of experiments). This observation shows that GCs
treated with cyclodextrin could exert a force exceeding the
maximal trapping force of 16.5 pN, corresponding to the
strongest used stiffness of the optical trap (kx,y ¼ 0.07 and
kz ¼ 0.03). The histograms reported in Fig. 2, a and b,
were obtained from experiments in which the bead was
always in the optical trap, and they do not include data
from experiments in which the lamellipodia pushed the
bead out of the trap. Therefore, we can conclude that GCs
treated with cyclodextrin develop a force larger than occurs
under control conditions.Reversibility of the effect of jasplakinolide
and cyclodextrin
Lamellipodia that emerged from DRG GCs after 1 day of
culture moved vigorously, undergoing repetitive cycles of
protrusions and retractions. We followed their motion by
video imaging at 5 Hz and measured the velocity of the la-
mellipodia leading edge. In control conditions, lamellipodia
exhibited waves of protrusion and retraction (Fig. 3, a–c)with a period T of 165.0 5 16.7 s that could be observed
for several hours. During protrusions, the leading-edge
maximal velocity vmax was 48.45 5.6 nm/s (Fig. 3, e and f,
red histograms).
During these cycles, protrusion ended with an upward
bending of the lamellipodium, reminiscent of the upward
bending of ruffles previously described in fibroblasts (31).
Some seconds after the transient upward bending, the lamel-
lipodia collapsed and retracted. We analyzed the effect of
jasplakinolide and cyclodextrin on these cycles of protru-
sions and retractions (Fig. 3, d–g). After addition of cyclo-
dextrin, the lamellipodia increased the frequency of these
waves, T decreased to 96.1 5 7.9 s, and vmax increased to
66.4 5 1.8 nm/s (Fig. 3, e and f, green histograms). These
effects were completely reversible after removal of cyclo-
dextrin from the extracellular medium, and T increased to
168.8 5 16.6 s and vmax decreased to 44.6 5 1.2 nm/s
(Fig. 3, e and f, blue histograms).
A different picture, however, was observed with jasplaki-
nolide. Indeed, after addition of jasplakinolide, the maximal
protrusion decreased and GCs retracted gradually and often
stopped moving (43/65 experiments). In the presence of
jasplakinolide, T and vmax decreased to 136.1 5 11.6 s
and 34.3 5 3.3, respectively (Fig. 3, h and i, black
histograms). When jasplakinolide was removed from the
bath, both T and vmax returned to approximately their orig-
inal values (Fig. 3, e and f, blue histograms).Fv relationships
The Fv relationships from individual experiments were
normalized to Fmax, defined as the maximal force beyondBiophysical Journal 102(11) 2451–2460
FIGURE 2 Maximal force and velocity. (a) Histograms of the maximal
protruding velocity during vertical pushes vmax, in control conditions and
in the presence of jasplakinolide or cyclodextrin. (b) As in panel a but
for maximal force exerted in vertical pushes Fmax. (c) The relation between
vmax and Fmax during vertical pushes. (d–f) Superimposed Fv relationships
from five individual vertical pushes in the presence of jasplakinolide (d), in
control conditions (e), and in the presence of cyclodextrin (f).
2454 Amin et al.which the lamellipodium leading edge does not advance and
the velocity is consistently negative for at least 10 s.
Normalized Fv relationships, even those obtained from
data filtered at 0.2 Hz, varied significantly among different
experiments (25). In some experiments, in control condi-
tions (Fig. 2 e) Fv relationships had knots corresponding
to instances with a negative velocity or transient retractions
of the lamellipodium leading edge. These knots were less
frequent in the presence of jasplakinolide, presumably
because of a reduced rate of actin depolymerization caused
by the drug (Fig. 2 d). In cyclodextrin, in contrast, knots
were more frequent and the lamellipodium leading edges
protruded with a larger velocity (Fig. 2 f). These knots could
be caused by transient microscopic curling and ruffling
similar to those previously described in fibroblasts (31).
We computed the Fv relationships for the four most
common stereotyped behaviors (i.e., vertical pushes, lateral
pushes, vertical retractions, and lateral retractions) in
control conditions and when cells were exposed to 25 nM
jasplakinolide or 2.5 mM cyclodextrin for at least 30 min.Biophysical Journal 102(11) 2451–2460To characterize the effect of jasplakinolide and cyclodextrin
on the probabilistic dynamics underlying force generation,
we determined the average Fv relationships <Fv> for
data filtered at 0.2 Hz for vertical/lateral push and retraction
(Fig. 4). For vertical push in control conditions, <Fv> after
an initial rise <v> reached a value of ~35 nm/s, which was
maintained for most of the push duration (Fig. 4 a, red line).
In the presence of jasplakinolide, <Fv> had a broadly
similar shape but the average maximal velocity was lower
(~25 nm/s). In the presence of cyclodextrin, in contrast,
the average maximal velocity was consistently higher
and equal to 55.9 5 7.3 nm/s. Very similar effects
were observed for lateral pushes: jasplakinolide similarly
decreased the average maximal velocity and cyclodextrin
increased it (Fig. 4 b).
If 25 nM jasplakinolide and 2.5 mM cyclodextrin clearly
modified force generation during push, they had a very
limited effect, if any, on the force exerted during retraction
(Fig. 4, c and d). Indeed, during vertical and lateral retrac-
tion, the <Fv> were very similar in shape and size in
control conditions and in the presence of jasplakinolide
and cyclodextrin.
As shown in Fig. 2, we saw that knots appeared to be
less frequent in the presence of jasplakinolide. Therefore,
we analyzed in more detail transient retractions during
sustained pushes and transient pushes during sustained
retractions (see Supporting Material).
We also measured the fraction of time Dtret/Dtpush of
transient retractions (Fig. S1) over the total duration of the
push Dtpush. In control conditions, Dtret/Dtpush was 0.07 5
0.02, and this value was significantly decreased by jasplaki-
nolide but not by cyclodextrin, for both vertical and
lateral pushes. Very similar results were observed when
the maximal (or positive) velocity vmax during retractions
was analyzed (Fig. S1).Effect of jasplakinolide and cyclodextrin
on elementary events
A remarkable feature of force generation during vertical and
lateral push is a concomitant increase of noise observed
when the lamellipodia push the bead (26). This increase
of noise is not present when the lamellipodium retracts
and pulls the bead away from the optical trap. We previously
showed that this increase of noise is blocked by 25 nM
jasplakinolide (26). In contrast, in the presence of 2.5 mM
cyclodextrin, when lamellipodia pushed a bead laterally,
we observed a significant increase in noise (Fig. 5 a) similar
to what we observed in control conditions.
As shown in Fig. 5 b, the relation between variance and
exerted force in GCs treated with 2.5 mM cyclodextrin
(blue shades) was similar to and almost indistinguishable
from that measured in control conditions (red shades). In
contrast, in the presence of 25 nM jasplakinolide, GCs could
exert forces up to 10–15 pN without the concomitant
FIGURE 3 Reversibility of the effect of jasplaki-
nolide and cyclodextrin after washout. (a–c)
Lamellipodia emerging from DRG GCs moving
in cyclic waves of protrusions (b) and retractions
(c); the dotted line represents the leading edge of
lamellipodia in panel a. (d) Maximal protrusion/
maximal retraction of lamellipodium versus time.
The single dotted line represents the time of cyclo-
dextrin addition, and the double dotted lines indi-
cate the time of washout. (e) Histograms of the
wave period in control conditions and in the pres-
ence of cyclodextrin and after washout. (f) Histo-
grams of maximal protruding velocity in control
conditions and in the presence of cyclodextrin
and after washout. (g–i) As in d–f but in the pres-
ence of jasplakinolide.
Force Generation in Lamellipodia 2455increase of noise (black shades) observed both in control
conditions and in the presence of cyclodextrin. Data for
the control and jasplakinolide are taken from our previous
work (26). In that work, we showed that upon bead adhesion
to the lamellipodium membrane, in several experiments the
variance of the bead displacement could decrease to<6 nm2
and subsequently, when the lamellipodium pushed the bead,
the variance increased, and forward and backward jumps
constituting the elementary events underlying force genera-
tion appeared. In the presence of 25 nM jasplakinolide or
2.5 mM cyclodextrin, the beads were able to seal onto the
lamellipodium membrane, and the variance of bead
displacement could decrease to <10 nm2 (Fig. 6). There-
fore, we compared forward and backward jumps in control
conditions and in the presence of jasplakinolide and
cyclodextrin.
After the decrease of variance caused by bead adhesion
on the lamellipodium leading edge during push, forward
and backward jumps were clearly visible in control condi-
tions (Fig. 6 a) and had properties similar to those described
previously (26). The amplitudes of forward and backward
jumps j were exponentially distributed (Fig. 6 d) and
were fitted by the equations Aþ ejþ=jþ and A ej=j,
where Aþ and A are the rates of forward and backward
jumps, respectively, and jþ and j are the mean amplitudes
of forward and backward jumps, respectively. Because ofa residue noise, jumps with an amplitude lower than 2–
3 nm could not be detected. The mean values of these
parameters obtained in control conditions and in the pres-
ence of jasplakinolide and cyclodextrin are shown in Table 1.
In control conditions, the mean values of jþ and j were
5.15 1.3 and 4.95 1.2 nm, respectively, with correspond-
ing rates Aþ and A of 157.3 5 12.0 and 155.5 5
11.0 events/s. In the presence of jasplakinolide (Fig. 6 c),
the mean amplitudes of detected forward and backward
jumps decreased to 2.55 0.3 and 2.25 0.4 and their rates
decreased to 50.0 5 4.5 and 44.0 5 5.3 events/s, respec-
tively (Fig. 6 f). In contrast, in the presence of cyclodextrin
(Fig. 6 b), the mean amplitudes of detected forward and
backward jumps were equal to 4.65 1.9 and 4.45 1.7 and
their rates were 226.2 5 13.5 and 224.8 5 14.7 events/s,
respectively (Fig. 6 e). The collected data show that jumps
amplitude and frequency were reduced by 25 nM jasplaki-
nolide, whereas 2.5 mM cyclodextrin increased their
frequency without affecting their size.Effect of jasplakinolide and cyclodextrin
on membrane elasticity modulus
Exposure to cyclodextrin reduces the content of cholesterol
in cellular membranes, but its overall effect on the mem-
brane elasticity modulus E (i.e., stiffness) is controversialBiophysical Journal 102(11) 2451–2460
FIGURE 4 Fv relationships during pushes and
retractions. (a–d) Average Fv relationship,
<Fv>0.2, normalized to Fmax for (a) vertical
pushes, (b) lateral pushes, (c) vertical retractions,
and (d) lateral retractions. The numbers of indi-
vidual Fv relationships that were averaged in
control conditions and in the presence of jasplaki-
nolide and cyclodextrin were equal to (a) 23, 14,
and 15, respectively; (b) 20, 14, and 14, respec-
tively; (c) 23, 18, and 15, respectively; and (d)
14, 16, and 14, respectively.
2456 Amin et al.(see Discussion). To verify the effect of cyclodextrin on our
GCs, we measured E directly using the tip of the cantilever
of an AFM, touching either the soma or the GC of our DRG
neurons (Fig. 7 a) and measuring the associated indentation
(Fig. 7, b and c).
The procedure of deriving E from indentations caused to
the membrane was originally referred to as cell poking (32)
and provided valuable information about the elastic proper-
ties of erythrocytes. By causing indentations with the canti-
lever tip of an AFM, we were able to obtain a direct
measurement in situ of the effect of the used drugs on E
of the lipid bilayer of the membrane.FIGURE 5 Increase of noise during pushes in control conditions and in
the presence of cyclodextrin but not in the presence of jasplakinolide. (a)
The longitudinal components of the bead displacement during a lateral
push in the presence of cyclodextrin show a clear increase in noise. (b)
Relation between force and variance for lateral pushes in control conditions
in the presence of cyclodextrin and in the presence of jasplakinolide. Data
for control and jasplakinolide were taken from our previous work (26).
Biophysical Journal 102(11) 2451–2460The cantilever of the AFM was positioned under direct
visual control over the soma or GC of DRG neurons
(Fig. 7 a). Under these conditions, several hundreds of
force-displacement curves (Fig. 7, b and c) were obtained
in <10 min, and these individual traces were averaged to
obtain average <force-displacement> curves. By fitting
these <force-displacement> curves with Eq. 1, we
obtained a value of E. We measured E in the soma of eight
DRG neurons and 10 GCs, and the mean value of E was
99.18 5 2.12 and 174.1 5 3.7 Pa, respectively. However,
the value of E varied rather significantly from neuron to
neuron and varied from 22.8 to 188.9 Pa, with no evident
correlation with either the shape or the size of the neuron.
All tested neurons were alive during the measurement, as
the GC filopodia and lamellipodia exhibited cyclic periods
of growth and retraction. In all experiments, E was
measured either in the soma (using method 1) or in GCs
(using methods 1–3; see Materials and Methods), and then
either jasplakinolide or cyclodextrin was added to the
dish. After exposure for 20 min to the tested drug, E was
measured again in the same location. Treatment with cyclo-
dextrin caused a decrease in the value of E in all tested
neurons (n ¼ 4) in both the soma (Fig. 7 d) and the GCs
(Fig. 7 e), and in the presence of cyclodextrin, E was
90.20 5 3.18 and 147.10 5 6.3 Pa in the soma and GCs
(measured with method 1), respectively.
Because GCs are thin structures with a height varying
between 200 to 600 nm, we also computed the value of
E using method 2 (i.e., using the standard Hertz model for
FIGURE 6 Elementary events underlying force generation in control
conditions and in the presence of cyclodextrin are less pronounced in the
presence of jasplakinolide. (a–c) Magnification of the z component during
push in control conditions (a), in the presence of cyclodextrin (b), and in the
presence of jasplakinolide (c). Original traces were filtered by the nonlinear
diffusion algorithm (26), resulting in a smooth component and jumps.
Jumps were detected infrequently during a push in the presence of jaspla-
kinolide, but very often during a push in control conditions and in the pres-
ence of cyclodextrin. (d–f) Density of forward jþ and backward j jumps
during pushes in control conditions (d), in the presence of cyclodextrin
(e), and in the presence of jasplakinolide (f). (d) The fitting was performed
with the values of 148 and 146 events/s for the jump frequency of positive
and negative jumps, Aþ and A, respectively, and 5 and 4.8 nm for the mean
size of positive and negative jumps, jþ* and j*, respectively. (e) In the
presence of cyclodextrin, the values of Aþ, A, j
þ* and j* were 226 and
224 events/s and 4.6 and 4.3 nm, respectively. (f) In the presence of jaspla-
kinolide, the values of Aþ, A, j
þ* and j* were 48 and 44 events/s and 2.4
and 2.3 nm, respectively.
Force Generation in Lamellipodia 2457fitting force-displacement curves where the indentation is
<50 nm) and method 3 (i.e., using the corrected Hertz
model for thin samples (29) (Fig. 7 h). In both cases, after
addition of cyclodextrin, the obtained values of E decreasedTABLE 1 Jump frequency and amplitude
Jasplakinolide
(n ¼ 3)
Control
(n ¼ 5)
Cyclodextrin
(n ¼ 3)
jþ (nm) 2.5 5 0.3 5.15 1.3 4.65 1.9
j (nm) 2.2 5 0.4 4.95 1.2 4.45 1.7
Aþ (event/s) 50.05 4.5 157.35 12.0 226.25 13.5
A (event/s) 44.05 5.3 155.55 11.0 224.85 14.7
Amplitudes of forward jþ and backward j jumps detected during pushes
were exponentially distributed and fitted by the equations Aþ ejþ=jþ
and A ej=j, where Aþ and A are the rates of forward and backward
jumps, respectively, and jþ and j are the mean amplitudes of forward
and backward jumps, respectively. n indicates the number of experiments
in which jumps were analyzed.(by 10–40% with method 2 (Fig. 7 i) and 10–30% with
method 3 (Fig. 7 j)).
Jasplakinolide had a more variable effect: it increased the
value of E in two somas and two GCs, but decreased its
value in two somas and four GCs (Fig. 7, f and g). The
mean fractional changes of E in the soma (n ¼ 4) and
GCs (n ¼ 6) caused by jasplakinolide were 0.16 5 0.3
and 0.12 5 0.24, respectively.DISCUSSION
In this work we analyzed the effect of two drugs, jasplakino-
lide and cyclodextrin, on force generation in DRG lamelli-
podia. The drug jasplakinolide at a concentration of 25 nM
reduced both vmax and Fmax during pushes, and 2.5 mM
cyclodextrin had the opposite effect. During retractions,
neither vmax nor Fmax were modified by jasplakinolide or
cyclodextrin at the used concentration. Jasplakinolide
reduced the amplitude and frequency of elementary jumps
underlying force generation, but cyclodextrin increased
their frequency. The action of both drugs, at the used
concentration, was fully reversible (Fig. 3). However, at
higher concentrations, these two drugs can have multiple
effects, and it is useful to discuss in detail their properties
and reported actions.Jasplakinolide
At concentrations > 200 nM, jasplakinolide disrupts actin
filaments in vivo by enhancing the rate of actin filament
nucleation, leading to alterations of the cytoskeleton and
cellular architecture. Prolonged exposure (24–48 h) to small
amounts of jasplakinolide was previously shown to reduce
proliferation in human Jurkat T cells (33). A concentration
of 100 nM jasplakinolide did not modify the elastic proper-
ties of fibroblast cell lines measured with AFM (34) and, as
shown in Fig. 7, 25 nM jasplakinolide had only a minor
effect on the membrane stiffness of DRG neurons in both
the soma and GCs. Therefore, the main effect of the low
concentration of jasplakinolide used in this investigation
(i.e., 25 nM) was a reduction of actin turnover caused by
a slowing down of filament depolymerization.Cyclodextrins
Depletion of cholesterol caused by cyclodextrins modifies
the plasma membrane’s functions and in particular the
lateral mobility of membrane proteins, presumably as
a consequence of the reorganization of the cell actin (35).
Therefore, cholesterol not only determines membrane
elasticity but also contributes to signaling, albeit in an
indirect way (35). This dual action of cholesterol is likely
to be at the basis of the different results reported regarding
the effect of cyclodextrins on cellular membranes’ mechan-
ical properties. Cyclodextrin-impaired pressure inducesBiophysical Journal 102(11) 2451–2460
FIGURE 7 Effect of jasplakinolide and cyclo-
dextrin on membrane stiffness. (a) Low-resolution
image of an AFM cantilever in front of a GC
emerging from the soma of a DRG neuron. (b
and c) Force-displacement curves, displaying the
AFM cantilever deflection as a function of its
vertical z position when the cantilever was moved
toward the soma (b) or GCs (c). (d–g) Bars indicate
the value of Young’s modulus, E, obtained from the
best fit of the force displacement curves with the
Hertz model (method 1 using Eq. 1) before and
after the same neuron was treated with cyclodex-
trin, when the cantilever was moved toward the
soma (d) or the GCs (e). Data are the mean 5
SE. (f and g) As in d and e, but bars indicate the
value of E in control conditions and in the presence
of jasplakinolide. (h) Force-displacement curves
fitted with the standard Hertz model by considering
only indentations of <50 nm (method 2 using Eq.
1) and fitted with the corrected Hertz model
(method 3 using Eq. 2). (i and j) Bars indicate
the value of E for the same GCs shown in e ob-
tained by using method 2 (i) or method 3 (j).
Membrane stiffness obtained by the three methods
decreased after addition of 2.5 mM cyclodextrin.
2458 Amin et al.vasoconstriction of skeletal muscle arterioles, whereas
excess cholesterol counterbalances this effect (36). Choles-
terol depletion of bovine aortic endothelial cells decreases
membrane deformability and increases the elastic coeffi-
cient of the membrane (37). This effect is interpreted as
being due to an alteration in how the actin network inside
the cells is connected to the cellular membrane. When
2.5 mM cyclodextrin was added to the extracellular
medium, DRG lamellipodia moved more vigorously and
cycles of protrusions and retractions similar to those
observed in control conditions were observed. These cycles
occurred with a frequency slightly higher than in control
conditions, suggesting that the normal actin treadmilling
underlying these cycles was only marginally affected. These
effects of cyclodextrin were almost completely reversible.
Using AFM, we determined (by a direct measurement of
E) that 2.5 mM cyclodextrin reduced the membrane stiffness
of DRG neurons both in the soma and in GCs (Fig. 7). Taken
together, these observations indicate that the primary effect
of cyclodextrin is to reduce the stiffness of lipid bilayers of
the DRG lamellipodia.Molecular mechanisms of force generation
Lipid rafts are specialized membrane domains that are en-
riched in cholesterol and sphingomyelin, which are believedBiophysical Journal 102(11) 2451–2460to have essential biological functions in cellular membranes
(38). These rafts can have dimensions in the nanometer
range (35) and lifetimes varying over several orders of
magnitude (38), and this dynamics could play an important
physiological role in membrane trafficking and signaling.
The elastic properties of membranes are heterogeneous,
and the Young’s modulus E, characterizing membrane stiff-
ness, varies across membrane nano/microdomains (39).
Therefore, our AFM measurements of E based on the Hertz
model and its corrections for thin substrata do not capture
the heterogeneity and anisotropy of GC membranes, and
our measurements must be taken as values averaged over
these nanodomains.
The elastic properties of the membrane can vary in corre-
spondence with active zones undergoing extension and/or
retraction. In fibroblasts, the Young’s modulus near the
leading edge of active lamellipodia is 3–5 kPa, whereas it
is in the order of 12 kPa in cellular regions that are not
involved in push or retraction (28), suggesting that extension
preferentially occurs in regions of lower cortical tension. A
different observation was made in a previous study of fish
migrating keratocytes (40): the stiffness of the membrane
decreased from 55 kPa at the front of the leading edge of
the migrating keratocyte to 10 kPa at the rear of the lamel-
lipodia, with a profile similar to that of the actin concentra-
tion. The reported difference in the gradient stiffness
Force Generation in Lamellipodia 2459between fibroblasts and keratocytes could be caused by their
different functional properties (i.e., keratocytes migrate and
fibroblasts do not).
As shown in Fig. 7, 2.5 mM cyclodextrin reduced
membrane stiffness both in the soma and in the lamellipodia
GC the treated DRG neurons. The same drug, as shown in
Figs. 2 and 4, caused the lamellipodia to protrude with
a larger force and with a higher velocity, suggesting that
membrane stiffness contributes to force generation. A recent
theoretical investigation (41) showed that if the network of
actin filaments in lamellipodia is assumed to be organized as
a stiff and compact, almost two-dimensional structure, long-
range mechanical stresses induced by the plasma membrane
stiffness provide a selective pressure that shapes force
generation and determines several of its properties (41).
Our results suggest that membrane stiffness is an important
factor of force generation, and support the notion that
mechanical stresses inside lamellipodia have a major role.
The combination of a stochastic dynamics (i.e., the alterna-
tion of random growth periods and fast retractions (25)) and
mechanical interactions of the actin network with the
membrane makes the system become critically self-orga-
nized (41). This provides a common theoretical framework
to understand several experimental observations, such as
a growth velocity that is initially insensitive to external force
(25,42) and a growth velocity that is dependent on load
history (43).
The effects of jasplakinolide on Fv relationships (Fig. 4)
and on the amplitude and frequency of elementary jumps
(Fig. 6) are in agreement with the essential role of actin turn-
over in force generation. In the presence of jasplakinolide,
the mean amplitude of elementary jumps is 2.4 nm (see
Table 1). This value is similar to the mean polymerization
step size (2.7 nm) of actin filament polymerization (44),
suggesting that when actin turnover is reduced, actin mono-
mers are added one by one to the existing network of
filaments. In control conditions, larger jumps are observed,
presumably caused by the insertion of actin oligomers (45)
that are present in lamellipodia as a consequence of actin
filament depolymerization.
The small or almost absent effect of both jasplakinolide
and cyclodextrin on Fv relationships (Fig. 4) during retrac-
tion was not expected, because jasplakinolide is a drug that
is known to stabilize actin filaments. The absence of a signif-
icant effect of these drugs on the kinetics and dynamics of
retraction shows that once initiated, lamellipodium retrac-
tion is very poorly dependent on membrane stiffness and
actin turnover. Indeed, retractions could be global collapses
of the overall cytoskeleton architecture overcoming the
local stabilization induced by jasplakinolide.SUPPORTING MATERIAL
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